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INTRODUCTION
Rocky intertidal and subtidal communities afford excellent opportunities for research on mechanisms of species coexistence and processes that structure corn- set by biological factors (Connell 196 1, Dayton 197 1, Paine 19074 ). These generalizations have been questioned by Underwood and Denley (1 984) , who suggest that they should not be applied without consideration of alternate hypotheses. Recent research has emphasized the importance of larval settlement in determinIng interti dal zonation (Denley and Underwood 1979 , Grosberg 1982 . Caffey 1985 . Connell 1985 .
Our understanding of the causes of vertical limits to the distribution of marine organisms has come primaly from intertidal studies. Patterns of subtidal zonation in temperate rocky-bottom environments have been described (Peres 1967 , Golikov and Scarlato 1968 , Edelstein et al. 1969 , Mann 1972 , Velimirov et al. 1977 . Hiscock and Mitchell 1980 , Choat and Schiel 1982 , Logan et al. 1984 , but little is known about the mechanisms producing the patterns. Subtidal zonation is used here to mean the successive predominance of one species or assemblage of species occurring within a specified depth range (sensu Wellington 1982) . In one of the first experimental studies of subtidal zonation, Jones and Kain (1967) demonstrated that the lower depth limit of the kelp zone was determined by sea urchin grazing. Dayton (1975) found that urchin grazing and interspecific competition among kelps maintained the subtidal zonation of canopy-forming kelps at Amchitka, Alaska. In subtidal communities off central California, Watanabe (1984) demonstrated that the vertical distribution of three species of snails (Tegula spp.) was influenced by variation in larval recruitment and benthic predation. The development of general models of rocky subtidal community structure is limited, however, by the lack of experimental data on subtidal community dynamics.
In this paper, I use an observational and experimental approach to elucidate the physical and biological processes maintaining the subtidal zonation of kelp (Laminaria saccharina, L. digitata) and mussels (Modiolus modiolus) at exposed offshore sites in the Gulf of Maine, USA. In particular, I focus on the zone of overlap between kelp and mussels and address the question: what limits the upper depth distribution of Modiolus? The hypothesis that low mussel abundance at shallow depths reflects barriers to the dispersal of mussel larvae is rejected since mussels recruit heavily to the shallow kelp zone. I will argue that the interaction of chronic storm disturbance and overgrowth by kelp limits Modiolus abundance in the shallow subtidal. By removing urchins from the lower edge of the kelp zone, I demonstrate that the downward distribution of kelp is controlled by sea urchin grazing. Kelp and mussels coexist through a mutualistic interaction between mussels and sea urchins. Patch recolonization experiments show that the competitive dominance of kelp is linked to its ability to recolonize disturbanceproduced patches faster than the mussels can.
METHODS

Study areas
Field studies were conducted at Star Island (42058'30' N, 70037' W) and Murray Rock (43004'15" N, 70?37'20" W) off the coasts of New Hampshire and southern Maine, respectively, and at Sea Point, Maine (43005' 10" N, 70?40'40" W; Fig. 1 ). Star Island research stations were located on a sloping granite shelf from a depth of 4-33 m and are described in Witman (1984) . Murray Rock is the shallowest (2 m deep at MLW) of four subtidal pinnacles on the crest of an extremely exposed ledge 5 km offshore. A research station was established adjacent to Murray Rock on the flanks of a deeper (5 m deep at MLW) unnamed pinnacle 0.2 km southeast of Murray Rock, at a depth of 8-11 m. This site will be referred to as Murray Rock and abbreviated as MR, although it is actually adjacent to Murray Rock. The substratum at Murray Rock is composed of granitic gneiss. All research at Star Island (abbreviated as SI) and Murray Rock (MR) was conducted underwater using scuba. Sea Point is a rocky promontory bordered by beaches on the northern and southern sides of the point. Sea Point was selected to survey mussel strandings because it was likely that onshore currents would transport mussels dislodged at Murray Rock to Sea Point.
To measure subtidal wave forces and quantify the "exposure" of the Star Island and Murray Rock sites, maximum force dynamometers were constructed following the design of Denny (I1983) . Each dynamometer was mounted on a flat lead weight to prevent it from being overturned by large waves, with the sensing element located 5 cm above the rock substratum. The apparatus measured shear forces at the level of a mussel bed since Modiolus modiolus beds protrude 4-8 cm out from the rock surface (J. Witman, personal observation) . Forces were used to calculate an estimate of the maximum velocity encountered (velocity equation in Denny 1983) . Table 1 indicates that Star Island and Murray Rock are extremely exposed, since the maximum velocities recorded exceed the maximum velocity of orbital wave movement (3.0 m/s: Riedl 1971) and approached that of tidal streams (4.1 m/s: Hiscock 1983) .
Population surveys
To document subtidal (vertical) zonation patterns, populations of horse mussels (Modiolus modiolus), kelp (Laminaria saccharina, L. digitata), and sea urchins (Strongylocentrotus droebachiensis) were quantitatively surveyed at Star Island and Murray Rock. A photographic apparatus (quadrapod) was designed and built for Modiolus population surveys (Witman 1984) . Stratified random sampling consisted of blindly dropping a 10-m transect line onto the bottom from high up in the water column. One end of the line was stretched across the substratum along a preselected compass bearing taken from a random number table. A 0.25 m2 quadrat photograph was taken with the quadrapod at eight random marks along the line. The procedure was repeated four times within each depth stratum at Star Island (4, 8, 12, 18, 24, 32 m) and at Murray Rock (8, 11, 14, 17 in) . Surveys were conducted in July 1979 (SI) and June 1983 (MR), yielding a total sampling area of 48.0 m2 (SI) and 32.0 m2 (MR). Quadrat photographs were projected to count all M. modiolus > 0.5 cm in shell length. A pilot survey to determine the accuracy of the photographic censusing method indicated that there was a significant linear relation between field and photographic Modiolus counts (r2 = 0.98, P < .01).
Kelp (i.e., members of the order Laminariales) densities were assessed by quadrat sampling. Within each depth stratum (4, 8, 12 m, SI; 8, 11, 14, 17 m, MR) , a 1.0-M2 quadrat was blindly tossed onto the bottom 10 times. Population sampling of kelp was not conducted at the deeper Star Island sites because kelps were not generally present below a 12 m depth. Large plants were easily identified to species, but it was dif- (MR) . Sampling dates were as above. Sea urchins were counted in the same quadrats used for kelp density assessment at 4 and 8 m (SI) and at 8, 11, 14, and 17 m (MR) . To estimate population densities of urchins in urchin fronts at 12.0 m (SI) and 11.5 m (MR), separate photographic surveys were conducted with the quadrapod using the same techniques and sample sizes as described above. Population densities of urchins at 18, 24, and 32 m (SI) were estimated by counting from the same photo quadrats taken for Aodiolus surveys.
Effect of storm disturbance on mussels Mussels overgrown by upright algae are commonly dislodged because the attached algae increase drag forces on the mussel (Witman and Suchanek 1984) . To evaluate the effects of storm disturbance on Modiolus overgrown by kelp, the number of dislodged mussels cast ashore at Sea Point was estimated by conducting surveys from September 1981 to October 1983. Strand lines along a 409-m tract of the north beach and a 335-m tract of the south beach were surveyed routinely two times a month and up to several times per week after severe storms. All dislodged mussels were counted; notes were taken on the number of Laminaria saccharina, L. digitata, and Agarum cribosum plants attached to each mussel.
The sheer number of the strandings in October 1982, August 1983, and October 1983 made it impossible to count all the dislodged mussels; thus it was necessary to subsample the bands of dislodged kelp and mussels washed up on the beach. This was accomplished by: (1) measuring the area of the band of dislodged mussels and (2) making replicate counts in 1.0-M2 quadrats blindly tossed onto the band of dislodged mussels. Mean densities of dislodged mussels/ 1.0 m2 were calculated and an estimate of the total density of stranded mussels was obtained by multiplying the mean by the area of the stranding. The size structure of dislodged mussels was determined by measuring the shell length of mussels in haphazardly located 1.0-M2 quadrats in June 1982 (summer) and February 1983 (winter) at Sea Point. Dislodged mussels were collected for measurement from subtidal gullies at MR between February and March 1983.
Patch surveys at Murray Rock Surveys were conducted in the kelp forest at 8-10 m depth soon after storms in April and October 1982 and in February and August 1983 , to estimate the density and size of recently formed dislodgement patches. A three-sided 0.25-M2 quadrat was blindly tossed onto the bottom and two types of patches within the quadrat were quantified: (1) patches in Modiolus beds created by the dislodgement of overgrown mussels (musseldislodgement patches) and (2) patches created by the dislodgement of entire kelp plants at the base of the holdfast (kelp-holdfast patches). The two types of patches were easy to differentiate because byssus threads were left in mussel-dislodgement patches while kelpholdfast patches contained large amounts of bare rock, and were bordered by newly fractured crustose coralline algae, not by mussels. Patches were counted in 10 replicate 0.25-M2 quadrats on algal turf and 10 quadrats on Modiolus beds during the quarterly sampling periods. Patches were photographed and patch areas were measured with a Graphics Tablet connected to an Apple Hie microcomputer.
Effect of kelp on mussels
The hypothesis that kelps reduce the ability of Modiolus to maintain space in the shallow subtidal zone (9 m) at Murray Rock was tested in a tagging experiment. Permanent 1.0-M2 quadrats were established around six mussel beds overgrown by kelp and located within a kelp forest, and around six other mussel beds that were free of attached kelp (control) because they occurred in a coralline flats area (sensu Ayling 1981 , Witman 1985 heavily grazed by urchins and located :z 6 m horizontal distance from the edge of a kelp forest. In November 1981 I tagged 50 kelp plants (35 L. saccharina and 15 L. digitata) attached toModioluswithin six permanent quadrats. I used plastic cable ties with numbered plastic disc tags glued onto the ties as kelp tags. Tagged plants were surveyed monthly to determine rates of mussel dislodgement. The hypothesis would be accepted if the rate of mussel dislodgement by kelp overgrowth was greater than the rate of mussel dislodgement (by -shearing force of waves alone) in the kelp-free control quadrats. I repeated the experiment in November 1982 by tagging 100 additional kelp plants (46 L. saccharina and 54 L. digitata).
To mark permanent quadrats around Modiolus beds, I drilled holes into the granite bedrock at locations corresponding to the top corners of 1.O-M2 plots, using an air hammer (Sears model 756.18850) converted into an underwater pneumatic drill. Brass screws inserted into the holes served as alignment pins for a 1.0-m2 quadrat. Each permanent quadrat was labeled by fitting a numbered plastic Cow Ear Tag (Modem Farm Company, Cody, Wyoming) over one ofthe two brass screws. This marking system provided an effective way to relocate the same mussel bed each month, enabling accurate counts of the number of Modiolus remaining in treatment and control quadrats.
Effect of sea urchins on mussels Urchin-removal experiment.-The hypothesis that by grazing kelp off mussel shells, urchins increase Modiolus survivorship by decreasing the risk of dislodgement was tested by performing an urchin-removal experiment. The experimental design consisted of two treatments; presence and absence of urchins in mussel beds. Six permanent 1 .OM2 quadrats were set up around Modiolus beds in a coralline flats area Pz4 m horizontally from an established kelp forest and marked as described above. All Strongylocentrotus (X density = 107 urchins/.0 iM2 + 12.8 SD, n = 12, 1.0-M2quadrats) were manually removed from Modiolus beds within the six permanent .0-im2 quadrats in October 1981. At least twice a month for the next 25 mo, all urchins in the vicinity of the removal plots (:Z50.O m2 area) were smashed. The six permanent quadrats around Modiolus beds in an unmanipulated coralline flats area (see Effect of Kelp on Mussels) served as controls for the effect of urchin removal on Modiolus survivorship. These mussel beds, hereafter termed grazed control quadrats, were heavily grazed by Strongylocentrotus, which occurred in densitites ranging from 75 to 180 urchins/M2 throughout the 2-yr experiment. It was not practical to intersperse the replicates of the two treatments (Hurlbert 1984) because sea urchins are highly motile and would reinvade the removal quadrats from the grazed control quadrats if they were near each other. Dayton and Oliver (1980) recognized this problem and stated that it is necessary to remove motile species from large areas to minimize edge effects created by the reinvasion of motile species. In this experiment, the urchin-removal areas and grazed control areas were spatially separated by 18 m horizontal distance. Both areas were as physically comparable as possible, with the same depth (9 m) and slope (100).
Mussel beds were censused monthly to determine the mortality rates of mussels in urchin removal and grazed control quadrats. This was accomplished by fitting a 1.0 m2 aluminum frame onto the alignment screws and taking four 0.25 m2 quadrat photographs within the frame with the quadrapod. The grazed control plots were photographically censused for the entire experimental period. However, by February 1982 algae settling in the urchin-removal plots obscured the mussels, so photographic censusing was abandoned. From February 1982 on, mussels remaining in the removal plots were counted in situ each month. Beginning in December 1981 when juvenile kelp first appeared in June 1987 COEXISTENCE IN THE ROCKY SUBTIDAL 171 the urchin-removal plots, L. saccharina, L. digitata, and .4. Cril)osum densities in the removal quadrats were counted in situ. Despite frequent urchin smashing, an urchin front advanced into the edge of the urchin-removal area between February and March 1982 and eliminated all upright algae in one of the six removal quadrats. This quadrat was dropped from the experiment. Two other sources of Modiolus mortality (in addition to dislodgement) were: (I) predation by Asterias *ulgaris and (2) predation by shell-crushing predators (crabs and lobsters). Predation by .4sterias was directly witnessed in monthly censuses of mussel beds. Predation by crabs and/or lobsters was inferred from crushed AModiolus shells appearing in the monitored mussel beds. U rchin dislodgeinent forces.-An urchin-grabbing device was designed and built to measure the force required to dislodge Strongvlocentrotus droebachiensis from the substratum. Forces measured on urchins occupying interstices between mussels in Modiolus beds were compared to forces measured on urchins from nearly flat rock surfaces covered by crustose coralline algae outside Mlodiolus beds to test the hypothesis that urchins are harder to remove from among mussels. The grabbing device consisted of four stainless steel prongs soldered together at one end. A plastic retaining ring slid over the notched prongs to hold them securely against the lateral surfaces of the urchin test. The measurement procedure consisted of the following steps: (1) urchin clasped with the device, (2) aboral surface of urchin tapped gently to stimulate firm attachment of podia. (3) spring scale dynamometer (constructed to record maximum force) hooked onto the device, and (4) force applied normal to the substratum until the urchin was dislodged. Urchin test diameters were measured after dislodgement. Care was taken to select a similar size range of urchins (3.5-6.5 cm test diameter) for comparisons. Measurements were made at a 9 m depth at MR.
Patch-recoloniZation experiments.
The ability of kelp and Modiolus to recolonize patches of free space created by the dislodgement of overgrown mussels and kelp was evaluated in two patch-recolonization experiments beneath the kelp canopy at Murray Rock (8-9 m). Natural dislodgement disturbance was simulated by creating replicate clearings in Modiolus beds (mussel-bed patches) and in the turf of understory red algae (algal-turf patches) characteristic of coastal subtidal communities in the Gulf of Maine (Witman 1985 , Sebens 1986 ). The hypothesis tested was that kelps are able to recolonize dislodgement patches more rapidly than Modiolus. Mussel-bed patches were created by removing all Modiolus in a 115.0 cm2 area of the bed. This size was within the size range of natural patches at Murray Rock (see Table  4 ). The underlying rock surface was scraped with a paint scraper to remove encrusting organisms, which FIG. 2. An average-size (105 cm2 area) natural patch created by the dislodgement of Modiolus mussels overgrown by kelp at 9 m, Murray Rock. Note tagged kelp on Modiolus at top of photograph. Black increments on ruler are 1 cm wide. left a clearing of bare rock, crustose coralline algae, and a mat of byssus threads nearly identical to natural mussel-dislodgement patches (Fig. 2) . Patch sites were established by blindly throwing a rectangular 9.2 x 12.5 cm quadrat (I 15.0 cm2 area) onto mussel beds. Fifteen replicate patches were created in October 1982 shortly after a severe northeast storm. I chose this time of year to initiate the clearings because it was apparent from the surveys of dislodged mussels that storm disturbances were most common during the fall, and the experiment was meant to simulate natural disturbance as closely as possible. The top corners of each rectangular I1 5.0-cm2 patch were marked with Sea-Goin' Epoxy Putty. The epoxy marks served as alignment points for a 3:1 Subsea closeup framer attached to a Nikonos underwater camera. The patches were photographed on 18 visits over 3 yr to assess recolonization patterns.
An additional 15 patches (each I 15.0 cm2) were created in the algal turf by scraping macroscopic algae off the rock surface with a paint scraper. With the exception of crustose coralline algae, all visible macroalgae was removed by this method. Patch sites in the algal turf were located by blind 9.2 x 12.5 cm quadrat tosses. This experiment simulated patches formed by the dislodgement of kelp plants at the holdfast base, which occurred during severe storms. Holdfast dislodgement usually removes underlying crustose coralline algae adhering to the base of the holdfast, leaving a patch of bare rock corresponding to the same basal area as the holdfast (J. Witman, personal observation). Natural holdfast patches ranged from 39.0 to 122.0 cm2; consequently. the 15.0-cm2 patches were within the size range of natural patches. Epoxy marks were placed at the top corners of each rectangular patch, and they were photographed as above. The algal-turf patches were rapidly recolonized by algae, which made it difficult to relocate the epoxy marks, and 2 of the 15 algal-turf patches were lost leaving 13 replicates for analysis. were counted. Both mussel-bed and algal-turf patches were located below the same kelp canopy and were open to grazing chitons, limpets, urchins, and gastropods. Densities of grazers (Tonicella marmorea, Acmaea testudinalis, Strongvlocentrotus droebachiensis, Lacuna vincta) were counted, along with counts of the number of Lacuna egg masses and Lacuna grazing holes in the colonizing kelps. Recolonization patterns were reconstructed by analyzing the patch photographs. The color transparencies were projected onto the screen of a Kodak Ektagraphic Projector (Model 260). A transparent plastic sheet with 100 randomly placed 2-mm circles on it was placed on the projector screen and organisms under each circle were identified to major taxon and counted, yielding an estimate of percent cover (modification of the methods of Menge 1976) . It was possible to identify organisms > 1.0 mm maximum dimension in the photographs. As the patches were colonized by kelp sporophytes, the kelp canopy obscured some understory organisms, thus percent cover of understory organisms was not quantified when the kelp canopy exceeded 15% cover in the patch.
.Alussel recruitnwent A critical part of the kelp-mussel interaction involves the ability of kelps and mussels to recolonize disturbance-produced patches, which is a function of their recruitment rates. A seasonal sampling program was initiated in October 1982 to examine rates of mussel recruitment to Alodiolus beds and to the turf of red algae outside the beds. Five replicate 156.0 cm2 areas of 41 odiolus beds and five replicate 156.0 cm2 areas of algal turf were sampled in October 1982 and February, June, and September 1983. The sampling procedure consisted of haphazardly tossing a 12.5 x 12.5 cm quadrat (1 56.0 cm2) onto the bottom. If the quadrat landed on a Alodiolus bed, mussels within the quadrat were pulled out of the bed while the substrate was simultaneously vacuumed with an airlift. Nitex bags (1 00-pim mesh) were attached to the end of the airlift. If the quadrat landed on the red algal turf outside the mussel bed. algae were scraped off rock surfaces with a paint scraper and sucked up with the airlift as they were removed. Both mussel-bed and algal-turf samples were collected from an 8 m depth at Murray Rock. Samples were sorted under the microscope and all recently settled mussels (plantigrades) were counted. The size range of plantigrades was 3(300-1000 Am maximum dimension, most were -500 pm size. By 500-600 ,m size, the umbo was subterminal, a distinguishing characteristic of Modiolus modiolus (Soot-Ryen mussel (Alodiolus mnodiolus) was evident at the two study sites (Fig. 3 ). Kelps were abundant at 4-8 m, attained maximum densities at 8 m, and declined sharply at an 1 1-12 m depth. The mixed-species stands of kelp formed a canopy 1-2 m above the rock substratum. The depth distribution of juvenile Larninaria sporophytes beneath the canopy (Table 2 ) mirrored the distribution of the larger canopy-forming plants (Fig.  3) .
Rock surfaces at intermediate depths (1 1-1 8 m) were characterized by high densities of Modiolus, in beds ranging from 0.1 m2 to 2.2 m' area. Mussel densities were low at the shallowest depths sampled (8 m, MR; 4 m, SI). increased abruptly between 8 and 12 m, and were greatest at 17-18 m. The inverse relationship between the abundance of Laminaria spp. and Modiolus is evident (Fig. 3) . As Laminaria density decreased. AModiolus density increased sharply with depth below the Larninaria-dominated zone. Kelps and mussels coexist in ecotonal areas between 8 and 10 m depths at Murray Rock and 4 and 10 m depths at Star Island (Fig. 3) .
High-density aggregations or "fronts' of Strongvlocentrotus droebachiensis at 10.5-11 m (MR) and at 12 m (SI) were characteristic of the transition between the shallow Laminaria zone and the deeper Mfodiolus (Fig. 4) . The urchin front was present at Murray Rock for the duration of the 4-yr study, and since 1977 at Star Island (Witman et al. 1982) . With the exception of the urchin fronts, densities of urchins were significantly higher inside mussel beds than outside, at depths within the kelp zone and below the kelp zone at Murray A browse zone (outlined in white) around the perimeter of a Modiolus bed at 9 m, Murrav Rock. Note lack of kelp on the mussels, sea urchins in mussel bed (small white arrows), and urchins feeding on kelp around the mussel bed (large black arrow). Width of browse zone ranges from 6-25 cm.
Rock and Star Island (Fig. 4) . Although Modiolus were scarce at shallow depths (4 m, SI; 8 m. MR). they formed small aggregations at such depths. Thus it was possible for urchin density to be higher inside than outside mussel beds at 4 and 8 m despite low mean densities of Modiolus.
Many .4Jodiolhs beds within the kelp-dominated zone had a distinct band around the perimeter of the mussel bed that was devoid of upright macroalgae. which was caused by .Strongvtlocentrotlus foraging out from the mussel beds to feed on macroalgae (Fig. 5) . These areas are termed browse zones (sensu Suchanek 1978) . While urchins were directly observed maintaining the browse zones, grazing by limpets (4ctnaea testudinalis) and chitons (Tonicella marrnorea. Tonicella rubra) in the mussel beds may have contributed to the formation of browse zones. A census of 41 haphazardly located Modiolus beds in April 1983 at Murray Rock revealed that 26 of these (63.4%) had browse zones. The width of the browse zones ranged from 3 to 25 cm. with a mean width of 10.5 ? 2.5 cm (SD) . Many of the mussel beds with browse zones were conspicuously free of attached kelp (e.g.. Fig. 5 ).
Storm disturbance
.Mussel stranding at Sea Point. - Table 3 shows that large numbers oflModiolhs with attached kelp were cast ashore on the north and south beaches at Sea Point between September 1981 and October 1983. Overgrown mussels were dislodged every month; however. few mussels (< 50) were cast ashore during May and July of 1982, and January of 1983. All 60 912 recently stranded Ml odiolus sampled had kelp attached to their shells. Massive strandings (>2500 mussels dislodged) occurred during the months of April, June. AI odiolus were dislodged. After this disturbance, dislodged kelp and mussels formed a continuous layer 1.0-1.5 m thick and 3-4 m wide along the north and south beaches (409 and 335 m long, respectively).
Size-frequency distributions of mussels stranded at Sea Point and dislodged subtidally at Murray Rock indicated that storm disturbances predominantly affected large individuals (Fig. 6) . In both summer (June) and winter (February) samples from Sea Point, the major mode was centered around the 8-9 cm (shell length) size class. Size-frequency distributions during summer and winter were not different (P > .05, Kolmogorov-Smirnov test). The major mode of the size distribution of Modiolus dislodged subtidally at Murray Rock occurred at 9-10 cm shell length. Since sexual maturity in M. modiolus is attained at a shell length of 3.0-4.5 cm (Seed and Brown 1975, 1978) , the majority of mussels dislodged were likely sexually mature (Fig. 6) .
Modiollus was dislodged following overgrowth by Larninaria digitata, L. saccharina, Agarum cribosum, or any combination of these on the same mussel (Appendix I). Most Modiolus cast ashore (>50%) had L. digitata plants attached to the shells. Moreover, single mussels with one attached L. digitata plant were dislodged most frequently, usually constituting 40-60% of the total number of mussels stranded per month. Up to 11 mussels with attached kelp were dislodged as a single unit. However, such large mussel clumps were rarely encountered. Mussels were commonly dislodged in clumps of two (_ 10% of the total monthly strandings).
Storm conditions. -Massive strandings of kelpovergrown Modiolus occurred when severe storms struck the coastline. Weather data from White Island, Isles of Shoals, indicated that four of the five largest strandings at Sea Point occurred during major northeast storms (Table 3 (Witman 1984) .
Monthly maximum wave height at White Island was correlated with the number of dislodged Modiolus at Sea Point (r = .71, P < .05, n = 26 mo). Wave-height data from the White Island station indicated that the largest waves (>2 m) occurred between October and March (Table 3) . Therefore, sea conditions associated with mussel dislodgement are most likely to occur during fall (October) to late winter (March).
-1~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
A Effect of kelp on mussels Survival curves of mussels with tagged kelps at Murray Rock indicate that mussels overgrown by kelp are regularly dislodged in the Laminaria-dominated zone (Fig. 7 ), yet no Modiolus were dislodged in the control quadrats (Fig. 8) . Thus, kelp overgrowth clearly has a negative effect on the survivorship of Modiolus in the Lamninaria zone at MR. In 1981-1982, 84% of the mussels carrying tags were dislodged in 11 mo (Fig. 7) . During monthly tag censuses, sea urchins were observed grazing tagged kelp plants off mussels; the tagged kelp plants attached to the remaining 16% of the 1981-1982 mussels were consumed by Strongylocentrotus residing in the Modiolus beds. Dislodgement rates were higher in 1982-1983 than in 1981-1982 (Fig. 7) . In 1982-1983 all overgrown mussels with tagged kelps were gone within 9 mo; 78% were dislodged and the tagged kelp overgrowing the remaining 22% of the mussels were consumed by urchins (J. Witman, personal observation). There were no tag losses.
Kelp-overgrown mussels that were dislodged from the shallow Modiolus beds (8-10 m) accumulated in a gully at 14 m. Twenty-four of the 150 tagged overgrown mussels were found in the gully, indicating that at least 16% of dislodged Modiolus were transported deeper into the subtidal zone. Kelps that were swept into the gully were rapidly consumed by urchins, which made it difficult to recover the mussels that had carried the tags.
Patch fbrmation at Murray Rock .Mussel-dislodgemnent patches. -Densities of patches formed within AModiolus beds during storms ranged from a mean of 0.9 patches/0.25 m2 in summer to 2.5 patches/0.25 m2 in fall. The densities of patches differed among seasons (H -23.5, P < .005, KruskalWallis Test). The size of mussel-bed patches ranged from 25.0 cm2 (created by the dislodgement of a single mussel) to 445.0 cm2. Fig. 2 shows an average-size (105.0-cm2) patch generated by the dislodgement of overgrown Modiolus. Mean patch sizes ranged from 91.0 cm2 (fall) to 122.0 cm2 (winter) and did not vary among seasons (H = 1.2, P > .05, Kruskal-Wallis Test).
Kelp-holdqast patches. - Table 4 gives the characteristics of patches formed when kelp plants (L. digitata and L. saccharina) were dislodged at the holdfast base. On the average, 0.5 patches/0.25 m2 appeared after a summer storm, while 1.3 patches/0.25 m2 appeared after a fall storm. Patch density varied significantly among seasons (H = 10.87, P < .025), but patch size did not (H = 3.8, P > .05, Kruskal-Wallis Test).
Urchin-removal experiment
Removal of urchins from mussel beds led to the rapid establishment of kelp (Fig. 9) . After 25 mo of urchin removal, mean kelp density was 46.6 ? 18.95 (SD) plants/1.0 M2.
Continual grazing by Strongylocentrotus in the grazed control quadrats prevented kelp from overgrowing Modiolus beds (Fig. 9) . However, I observed one Desmarestia viridis and five Laminaria digitata plants in the vicinity of the grazed control quadrats in the coralline flats in March 1983. The L. digitata plants had achieved a temporary escape from urchin grazing; they were consumed within a month. Their occurrence suggests that the failure of kelp to become established irn the control quadrats resulted from urchin grazing, and was not due to the limitations of Laminaria spore dispersal.
Within 7 mo of urchin removal, Modiolus with attached kelp were dislodged (Fig. 8) . Monthly rates of mussel dislodgement were variable, ranging from 1 to a maximum of 43 mussels/5.0 m2 after the October 1982 northeaster. No Modiolus were dislodged from the grazed control quadrats where urchin grazing kept mussels free of kelp, validating the hypothesis that ur- Fig. 10 that of the three sources of mortality affecting adult Modiolus populations, kelpinduced dislodgement was far more important than predation by the sea star Asterias vulgaris, or than crab and lobster predation. Monthly mortality from kelp dislodgement exceeded 5% during 3 mo and reached a maximum of 7% in October 1982. In contrast, monthly mortality from Asterias predation was usually <0.5%. Shell-crushing predators (crabs and lobsters) were comparatively unimportant. Because of the absence of kelp dislodgement mortality, percent mortality of Modiolus was 30 times lower in the grazed control quadrats than in the urchin-removal quadrats.
As a result of removing the sea urchin front, which was previously located at the site of the urchin-removal quadrats, the lower limit of the kelp zone extended deeper into the subtidal (Table 5) . It stopped at a depth of 12.5 m where the gently sloping substratum dropped off sharply into a gully.
Mussel dislodgement in the urchin-removal quadrats at Murray Rock was correlated with mussel dislodgement at Sea Point (r = 0.85, P < .025, n = 24 mo) indicating that storm disturbances were synchronous between coastal and offshore sites.
Urchin dislodgement forces
Field measurements taken at an 8 m depth (MR) indicated that > 4 times as much force was required to remove urchins from Modiolus beds as from rock surfaces outside the beds (Table 6 ). There was no significant difference in the test diameter of urchins in the two groups measured (Table 6 ). Consequently, differences in dislodgement force between habitats was not a function of urchin body size.
Recolonization of mussel patches
Simulated dislodgement patches cleared in Modiolus beds were initially characterized by bare rock and byssal threads, with crustose coralline algae (primarily Lithothamnium glaciate and Phymatolithon rugulosum) covering 14% of the space (Fig. 1 1) . Free space (bare rock) available for colonization declined sharply between December and March as the patches were colonized by diatoms, red algae, and kelp. However, > 5% cover of bare rock remained at the end of the experiment. Crustose coralline cover increased to 20% in 20 mo.
The colonial diatom Licmophora spp. recruited into the patches within 4 mo and dominated patch space by February 1983. Licmophora cover, however, declined sharply over the late winter, partly as a result of grazing by limpets (Acmaea testudinalis) and urchins (S. droebachiensis; J. Witman, personal observation). The red alga Antithamnion pl/aisaei first appeared in the patches in January 1983 (Appendix II) and it increased gradually, reaching a peak of 8.3% cover at the end of the experiment. Juvenile kelp sporophytes were visible 7 mo after the patches were cleared in Modiolus beds. The density of Laminaria spp. sporophytes (L. digitata and L. saccharina), and the kelp canopy cover increased rapidly to a maximum mean density of 21 plants/1 15.0 cm' and a maximum mean cover of 29.6% in July 1983. There was a marked decline in kelp cover and density between September and November 1983.
At the end of the 3-yr experiment, none of the 15 patches in mussel beds were closed by Modiolus, either from the encroachment of resident mussels surrounding the patch or by the settlement of Modiolus plantigrades. In contrast, kelp recruited into all of the mussel patches, dominating seven of them (47% of total) after 20 mo, falsifying the hypothesis of no difference in the ability of kelp and AModiolus to recolonize patches created by mussel dislodgement. Kelps (especially L. saccharina) have a much more rapid response to dislodgement disturbance than Modiolus, and are thus better able to recolonize patch space by recruitment.
There was considerable variation in kelp abundance among patches. Of the mussel-bed patches, 53% were virtually free of kelp at the end of the experiment and were characterized by total grazer densities (pooled densities of Acmaea testudinalis, Tonicella marmorea, and S. droebachiensis) that were significantly higher than the other seven mussel patches that were kelp dominated (Table 7) . This suggests that grazing by limpets, chitons, and urchins was responsible for preventing kelp from monopolizing space in 53% of the mussel patches.
The herbivorous snail Lacuna vincta appeared in seven of the mussel patches after they were dominated by Laminaria spp. (Appendix II). Lacuna began laying egg masses on the kelp blades in August 1983 and heavy damage to the kelp was evident in September when there was a mean of 2.1 ? 2.8 (SD) Lacuna grazing holes per plant and October when there were 3.4 ? 2.5 (SD) holes per plant (n = 13; Appendix II). Grazing by Lacuna caused visible excavations and appeared to weaken the thallus, making kelps more susceptible to breakage during storm waves.
Mytilus edulis plantigrades were first noticed in the mussel bed patches in September 1984. When the mussel patches were photographed in October 1984, the mean percent cover of Al. edulis was 7.9 ? 20.1 (SD), n = 15 (Appendix II). Recruitment of AM1ytilus occurred between May and September 1984. MAtilus in the interior of Modiolus patches incurred heavy predation by Asterias vulgaris (J. Witman, personal observation).
Recolonization of algal-turf patches
In contrast to patches in Alodiolus beds, patterns of recolonization into patches cleared in the red algal turf (simulated kelp-holdfast dislodgement) showed no free space (bare rock) after 5 mo of colonization (Fig. 12) . The cover of coralline algae and fleshy red crusts declined over the winter of 1982-1983 as they were overgrown by other sessile organisms, and as in the mussel patches, a cover of the colonial diatom Licmophora spp. developed early in the colonization sequence in the algal-turf patches.
There was a striking increase in the percent cover of the red alga Phyllophora spp. shortly after patch creation, probably because of vegetative regrowth from residual holdfast material. Two Phyllophora blade shapes were observed; ovate blades (probably P. truncata) and elongate ones that forked into two blunt lobes at the distal end of the blade (probably P. pseudoceranoides). Other upright red algae colonizing the patches were Phycodrys rubens, Chondrus crispus, and Antithamnion pylaisaei (Fig. 12 , Appendix III). Phycodrys first appeared in January and quickly attained a maximum mean cover of 23% in April. Chondrus uprights appeared 2 mo after clearing. Antithamnion cover was highest in April 1983 (Appendix III). The red algal turf was heavily encrusted with bryozoans (primarily Electra pilosa) within 9 mo of patch formation. Bryozoans (Cryptosula pallasiana, Schizomavella sp.) also encrusted the rock substratum beneath the red algal turf. Strong dominance of algal-turfpatches by kelp began 5 mo after they were cleared. In April, the patches contained up to 50 juvenile sporophytes of L. saccharina per patch. Maximum kelp cover (56%) occurred in May 1983. The distribution of kelp in algalturf patches was much less variable than in mussel patches; after 2 yr, all 13 algal-turf patches were dominated by kelp. Cohorts of kelp in algal-turf patches were conspicuous because they were surrounded by a turf of red algae. None of the algal-turf patches contained Modiolus.
Lacuna vincta appeared in the patches 1 mo after they were dominated by L. saccharina (Fig. 12) . Lacuna density peaked in October when mean densities of 3.0 snails/ 115.0 cm2 (SD = 2. 1, n = 13) were recorded. I observed a total of 55 Lacuna egg masses laid on kelp between August and October. Periods of high Lacuna damage to L. saccharina occurred in August, October, and November 1983 (Appendix III). Lacuna grazing undoubtedly contributed to the decline of kelp between June and November.
Mussel recruitment Table 8 shows Modiolus recruitment to mussel beds and algal-turf habitats at an 8 m depth, Murray Rock. It is evident that high levels of mussel recruitment occurred in the shallow subtidal. Two-level nested AN. OVA indicated a significant effect of month (F = 22.1, 3, 32 df, P < .001), habitat (F= 77.8, 1, 32 df, P < .001), and a significant interaction of month and habitat (F = 7.5, 3, 32 df, P < .001) on Modiolus recruitment (the data were log [x + 1J-transformed). Mean densities of newly settled plantigrades were an order TABLE 7. Relationship between abundance of grazers observed in mussel patches and abundance of kelp in the patches. "Urchins" = Strongylocentrotus. A Mann-Whitney U test indicated significantly higher total grazer densities in patches not dominated by kelp (U = 91.5, P < .001).
Kelp density Densities-of grazers (no./l15 cm2) of end Toni-(no./ Patch cella Acmaea Urchins Total 115 cm')
Patches not dominated by kelp  1  1  3  2  6  0  2  0  10  1  11  0  3  0  11  2  13  2  4  0  1  2  3  0  5  0  3  1  4  0  6  1  1  3  5  0  7  1  7  1  9  0  8  2  7  1  10  0  Total  61  2   Patches dominated by kelp  9  0  1  0  1  8  10  0  0  2  2  8  11  0  3  0  3  29  12  0  2  0  2  14  13  0  0  0  0  11  14  0  1  0  1  11  15  1  1  0  2  10  Total  11 This study suggests that the observed patterns of subtidal zonation result from the coupling of physical disturbance and biological processes. Dense populations of M-odiolus modiolus dominated intermediate depths ( 1-1 8 m) at extremely exposed sites. The scarcity of Modiolus in the shallow kelp zone (4-8 m) results principally from kelp-induced dislodgement, which caused extremely high mussel mortality during storms.
Dislodgement was the most important cause of mortality impacting Modiolus populations at Murray Rock (this study) and at Star Island (76% of total deaths/5 yr; Witman 1985) . Moreover, it was the only agent of mortality solely restricted to shallow depths (Witman 1985) . Alternate hypotheses to kelp-induced dislodgement setting the upper depth limit of Modiolus are (1) that it is set by predation and (2) that it is determined by the failure of Modiolus recruitment to shallow depths. The data are not consistent with either hypothesis. Rates of predation on adult Alodiolus are extremely low, usually <0.5% mortality/mo; and the high densities of recently settled Modiolus plantigrades in algal turf and mussel beds indicate that there is substantial larval recruitment to shallow depths.
Removal of the sea urchin front bordering the lower edge (9.1 to 10.5 m) of the kelp zone at Murray Rock resulted in a downward shift of the zone to a 12.5 m depth, demonstrating that the lower depth limit of kelp (L. saccharina and L. digitata) was set by urchin grazing. This implies that the eradication of kelp by urchin fronts at a 10-12 m depth releases Modiolus from dislodgement mortality, which is reflected in the striking increase in Modiolus population densities just below the kelp-dominated zone (Fig. 3) . Additional evidence for the provision of a release from high dislodgement mortality by urchin-grazing effects comes from a natural grazing experiment at Star Island (Witman 1985) . Mussel mortality was reduced from 31.2% to 5.2% after an urchin front passed over Modiolus beds and consumed all kelp on mussel shells. Urchin fronts were probably prevented from moving to shallower depths at both sites by heavy wave action. For example, strong water motion limits the shallow-water distribution of the urchin Centrostephanus coronatus off southern California (Lissner 1983) . Moreover, Himmelman (1984) found that the upper edge of the urchin-dominated zone occurred at greater depths at exposed sites than at protected sites in Newfoundland.
Zonation patterns of kelp and sea urchins similar to those documented here occur in other temperate subtidal regions. In St. Margarets Bay, Nova Scotia, Mann (1972) showed that the typical depth range of mixed Laminaria digitata-L. longicruris stands was 3-13 m. At one transect where S. droebachiensis was abundant, the Laminaria zone ended abruptly at a 5 m depth (Mann 1972) . Choat and Schiel (1982) documented an abrupt transition between the shallow fucoid-laminarian algal zone and an intermediate depth zone (-5-10 m) dominated by the sea urchin Evechinus chloroticus in northern New Zealand. Subtidal zonation in Newfoundland consists of a shallow fringe of kelp, an intermediate zone dominated by S. droebachiensis, and a deeper zone characterized by red algae and the kelp Agarum cribosum (Himmelman 1980 , Keats et al. 1982 ).
Disturbance and recovery The disturbance regime produced a mosaic of small patches in the shallow subtidal zone. The rate of patch formation in subtidal mussel beds at Murray Rock was comparable to the rate of patch formation in intertidal Mytilus californianus beds at Tatoosh Island, Washington reported by Paine and Levin (1981) , although the size of individual patches differed. For example, 0.25 to 9.1% (mean patch density x mean patch size) of Modiolus beds were removed per month at MR, compared to 0.4 to 5.4% of M. californianus beds removed per month at Tatoosh (Paine and Levin 1981) . They recorded a maximum patch size of 38.0 Mi2. Nothing like this was ever observed in Modiolus beds, where the maximum patch size was 0.04 M2. Modiolus beds are considerably smaller than M. californianus beds and are not as spatially continuous. Consequently, patches >2.2 m2 (size of largest Modiolus bed) would not be expected.
It was evident from the patch-recolonization experiments that kelp (Laminaria spp.) and Modiolus differ substantially in their ability to respond to disturbance. After 7 mo, kelp dominated 100% of the algal-turf patches (simulated holdfast dislodgement) and 47% of the mussel patches (simulated mussel dislodgement). In striking contrast, none of the patches were colonized by Modiolus, despite heavy settlement of mussel larvae to the study area. Because of its failure to recover patch space, dislodgement reduces the ability of Modiolus to dominate space in the shallow subtidal zone, while kelps can bounce back from dislodgement disturbance to rapidly dominate patch space.
The apparent failure of Modiolus to close patches by recruitment can be ascribed to a number of factors including: (1) high postsettlement mortality and (2) lack of suitable substratum for attachment. It can be inferred from the high densities of newly settled plantigrades and the absence of Modiolus cohorts in the mussel patches that high postsettlement mortality is an important factor preventing the establishment of new mussel beds. Predation by Asterias vulgaris may be an important source of mortality since small Asterias occurred in the mussel patches (Appendix II) and Hulbert (1980) found that small A. vulgaris commonly prey on Modiolus spat at this depth. It is difficult to invoke inappropriate substratum as a factor limiting the colonization of mussel patches by Modiolus because the patches contained residual byssus threads and filamentous algae, which are favorable substrata for mussel settlement (Bayne 1964 , Seed 1969 , Suchanek 1978 , Petersen 1984 .
There was high variation in the abundance of kelp, colonists within mussel-dislodgement patches. One source of such variation was related to between-patch variation in grazer density. In mussel patches with moderately high densities of chitons, limpets, and sea urchins, kelps settled but were consumed by these grazers (J. Witman, personal observation). Mussel patches with significantly lower densities of grazers were dominated by kelp ( Table 7 ). The dominance of kelp in 47% of the mussel patches was unexpected since the mussel beds where experimental patches were created all contained urchins, and the patches were small enough to be contained within the browse zone. Thus, grazer pressure was highly variable, and was not a totally effective defense against kelp colonization of musselbed patches. I suggest that variation in grazing pressure is an important key to understanding the complexities of the kelp-Modiolus interaction. It may explain why mussels are overgrown and dislodged by kelp despite the prevalence of browse zones (63% of mussel beds) and the occurrence of high densities of urchins in the beds. Additionally, it is likely that Modiolus beds are saturated by kelp spores in densities exceeding the ability of resident grazers to remove them from the mussel shells. Chapman (1984) found that L. digitata recruitment was extremely high (0.98 x 106 recruits . 1.0 m-2 yr-1). In this study, all patches were located under a kelp canopy and the distance from the patch to the nearest kelp plant was <0.5 m. Consequently, it is unlikely that patch colonization was affected by dispersal limitations of kelp.
The herbivorous snail Lacuna vincta had a qualitatively different effect on colonizing kelp plants than did grazing chitons, limpets, and urchins; it cropped the blades of small sporophytes. This was particularly evident in algal-turf patches where a majority of sporophytes had 2-3 Lacuna holes on each kelp blade during fall 1983. The complete destruction of algal stands by Lacuna described in Fralick et al. (1974) was not observed at Murray Rock. Rather, Lacuna grazing was an important source ofjuvenile kelp mortality and, it is suggested that Lacuna grazing increases the vulnerability of kelp to storm defoliation.
Patches cleared in algal turf (simulated holdfast patches) were densely recolonized by Laminaria spp. In addition, natural holdfast patches containing cohorts ofjuvenile Laminaria sporophytes were common at Murray Rock (J. Witman, personal observation). They were easily recognized as aggregations of kelp sporophytes totally contained within the patch and sur- rounded by red algal turf. Such experimental results and observations suggest a negative interaction between Laminaria and the understory red algal turf (Phyllophora, Phycodrys, and Chondrus). A logical hypothesis is that the red algal turf inhibits the competitive dominance of canopy-forming kelps as demonstrated in California kelp communities (Dayton et al. 1984, Reed and Foster 1984) . The implication of rapid recolonization ability in Laminaria is that it enables rapid recovery of patch space created by the dislodgement of conspecifics at the holdfast base. Importantly, Chapman (1984) showed that the recruitment of Laminaria longicuris and L. digitata sporophytes in Nova Scotia increased 10-fold by clearing of 0.25 m2 areas in red algal turf, however, the ecological significance of this result was not elucidated.
Modiolus-Strongylocentrotus mutualism
Strongylocentrotus benefits in several ways by living in Modiolus beds. Measurement of urchin-dislodgement forces indicated that it took more force to remove urchins from mussel beds than from rock surfaces outside the beds. Urchins use both spines and podia for bracing and attachment on rugose surfaces, while podia are the primary mode of attachment on relatively flat surfaces (Lissner 1983) . The firmer attachment recorded for urchins in the mussel beds probably resulted from urchins bracing their spines against mussels. These results suggest that large urchins in mussel beds will be less susceptible to dislodgement during periods of high water motion, and less vulnerable to predation than their counterparts on flat rock surfaces outside mussel beds. Both storm dislodgement and predation by crabs and fish are important sources of mortality for Strongylocentrotus in the New England rocky subtidal zone (Witman 1985 , Sebens 1986 ). Predation experiments conducted at an 8 m depth (SI) demonstrated that small Strongylocentrotus are protected from predation by fish (Tautogolabrus adspersus), crabs (Cancer borealis, Cancer irroratus), and lobster (Homarus americanus) while in Modiolus beds (Witman 1985) . In turn, Strongylocentrotus grazes kelp off Modiolus shells, reducing dislodgement mortality. This was demonstrated in urchin-removal experiments where mussels in beds without sea urchins suffered mortality rates (from kelp-induced dislodgement) that were 30 times greater than in beds where urchin grazing kept the mussels free of kelp. Therefore, the ModiolusStrongvlocentrotus interaction is a type of mutualism. The mutualistic association is facultative, not obligate (sensu Boucher et al. 1982) because Strongylocentrotus can exist in other benthic habitats besides Modiolus beds.
These experimental results indicate that facultative mutualism plays a large role in determining the upper depth limit of M. modiolus. With sea urchin mutualists, Modiolus can coexist with kelp in the shallow subtidal zone.
An increasing amount of evidence indicates that the occurrence of mutualism in marine communities is more prevalent than previously suspected (see reviews by Boucher et al. 1982 , Orians and Paine 1983 , Vermeij 1983 ). An analogous situation to the ModiolusStrongylocentrotus mutualism exists in the interaction between Mytilus californianus and grazers living in the mussel beds (Suchanek 1979 (Suchanek , 1986 . Mytilus imparted benefits to grazers by providing protection from dessication stress, while grazers apparently enhanced the rate of patch closure in mussel beds, although the exact mechanism of grazer-facilitated recovery remains unclear (Suchanek 1979) . Thus, subtidal (M. modiolus) and intertidal (M. californianus) mussel beds have several convergent ecological characteristics including (1) an associated fauna of mutualistic grazers that reduce dislodgement mortality (this study) and speed recovery from disturbance (T. Suchanek, personal communication) and (2) browse zones around the perimeter of the mussel beds maintained by grazers (Suchanek 1978 , 1979 , Paine and Levin 1981 , Sousa 1984 , this study).
Conceptual model
The factors maintaining subtidal zonation at exposed sites off the New England coast are complex. The conceptual model I have summarized of interactions among kelp, sea urchins, and Modiolus (Fig. 13 ) is designed to account for factors governing rocky subtidal zonation at two shallow exposed sites in the Gulf of Maine. It cannot explain subtidal zonation at protected sites where storm-generated water motion is not high enough to cause mussel dislodgement. However, the main elements of the model are applicable to subtidal communities elsewhere. The three endpoints of the interactions: Modiolus dominance, kelp dominance, and coexistence of mussels and kelp (corresponding to zonation patterns in Fig. 3 ) are influenced by the intensity of storm disturbance, urchin grazing, and the rate of recovery from disturbance. As demonstrated in the urchin removal experiment, sea urchin grazing has a negative effect on kelp (step 1) by regulating the lower depth limit of the kelp zone and restricting the local distribution of kelp (browse zone observations). Sea urchin grazing has a positive effect on Modiolus (step 2) because it reduces dislodgement mortality (urchin-removal experiment and tagging experiment). There is a positive feedback between Modiolus and urchins (step 3) as Modiolus beds provide a refuge from predation for small sea urchins (predation refuge experiments in Witman 1985) , and may decrease the vulnerability of large urchins to predation and dislodgement mortality (urchin dislodgement force measurements). Thus, the urchin-Modiolus relationship is mutualistic. As demonstrated in the patch recolonization experiments (step 4), fast recovery from disturbance enables kelp to monopolize patch space. (-) . Begin at step 1 and follow arrows through diagram. The three endpoints of the interactions: Modiolus dominance, kelp dominance, and coexistence (corresponding to zonation patterns in Fig. 3 ) are influenced by the intensity of storm disturbance, sea-urchin grazing, and the rate of recovery from disturbance. As demonstrated in the urchin removal experiment, sea-urchin grazing has a negative effect on kelp (step 1) by regulating the lower depth limit of the kelp zone and restricting the local distribution of kelp (browse zone observations). Urchin grazing has a positive effect on Modiolus (step 2) because it reduces dislodgement mortality (urchin removal experiment and tagging experiment). There is a positive feedback between Modiolus and urchins (step 3) as Modiolus beds provide a refuge from predation for small urchins (predation experiments in Witman 1985) , and may decrease the susceptibility of large urchins to predation and dislodgement mortality (urchin dislodgement force measurements). The urchin-Modiolus relationship is mutualistic as both species benefit by the association. As demonstrated in the patch recolonization experiments (step 4), fast recovery from disturbance enables kelp to monopolize patch space. The failure of Modiolus to fill patches created by dislodgement indicates that, depending on the strength of grazing pressure, Modiolus will lose space to rapidly colonizing kelp. The coexistence of kelp and mussels is facilitated by mutualism. grazing pressure, Modiolus will lose space to rapidly colonizing kelp. The mutualistic relationship between mussels and sea urchins appears to facilitate the coexistence of kelp and mussels in the New England shallow subtidal zone. 
